The purpose of this study was to evaluate the adherence of biofilms to the surfaces of two indirect resin composites, Estenia C&B and Gradia. Slabs were prepared from the materials, and then either ground with 800-grit silicon carbide paper or polished with diamond pastes up to 1 μm. Artificial biofilms of Streptococcus mutans were grown on the composite slabs in an artificial mouth system for 20 hours. Thereafter, the amounts of retained biofilm on the surfaces were measured after sonication. Surface characteristics of the resins -such as surface roughness, amount of residual monomers, and distribution of filler particles -were examined. Two-way ANOVA revealed that the amount of retained biofilm varied (p<0.05) according to the composition and surface roughness of the material. In particular, biofilm adherence was lowest on Estenia C&B slabs when polished with diamond pastes up to 1 μm. It was thus concluded that the surface roughness and composition of a resin composite influenced biofilm adherence.
INTRODUCTION
Indirect resin composites are frequently preferred over directly placed resin composites for posterior restorations because of these favorable reasons: reduced degree of intraoral polymerization shrinkage, better control of proximal contours, and enhanced physical properties of the restorative material [1] [2] [3] [4] . However, one of the most frequently occurring reasons for replacement of indirect resin composite restorations is secondary caries 5) . This occurrence is due to bacterial adhesion and biofilm formation on indirect resin composite restorations, which in turn may induce secondary caries. In the process of plaque formation on solid substrate surfaces such as teeth and restorative materials, the initial adhesion of early colonizing bacteria to the surface is an important step 6, 7) . It is apparent that resin composites have surface characteristics different from those of teeth. Unlike tooth surfaces, the surface properties of resin composite materials related to bacterial adhesion and biofilm formation are affected by a myriad of factors -such as mechanical surface properties, material components such as filler particles and resin matrix, and curing conditions. In particular, matrix monomers might influence the growth of some cariogenic bacterial species 8, 9) . Unpolished and polished surfaces of resin composites have been characterized in terms of surface roughness, chemical composition, and surface free energy 10) . On the influence of surface structure on bacterial adhesion, microscopic examination of early plaque formation on teeth showed an adhesion of the initial colonizing bacteria along the cracks and pits in enamel 10, 11) . Similarly, a poorly finished indirect restoration might initiate biofilm adherence onto the surface and its adjoining areas in the oral cavity. In light of these reports and findings, it is important to investigate the surface characteristics of various resin composites with regard to bacterial adherence and biofilm formation. However, information is scarce on the bacterial community formed on indirect resin composites. With a view to obtaining more information on this subject, an artificial mouth system (AMS) was used in this study to grow Streptococcus mutans (S. mutans) biofilms. Therefore, the purpose of this study was to evaluate the effect of surface characteristics on bacterial adhesion and biofilm formation on indirect resin composites using an AMS.
MATERIALS AND METHODS

Materials used
Two indirect resin composites; Estenia C&B (ES, Kuraray Medical, Tokyo, Japan) and Gradia (GR, GC Corp., Tokyo, Japan) were used in this study (Table  1) . ES was a urethane monomer-based and lightand heat-polymerizable resin composite, while GR was a UDMA-based and light-polymerizable resin composite.
Surface roughness analysis
An indirect composite paste was dispensed from a syringe, applied to a glass slide, and light-cured for 30 seconds from the top and bottom sides using a visible light curing unit (Optilux 500, Sybron Kerr, Orange, CA, USA). Specimen slabs of approximately 3.5×3.5×2 mm in size were thus prepared, and they were additionally light-cured for five minutes in the chamber of a visible light curing unit (Alpha-Light II, Morita Corp., Osaka, Japan). In the case of ES, the slabs were further heated at 110ºC for 15 minutes in an oven (KL-100, Kuraray Medical Corp., Tokyo, Japan) according to the manufacturer' s instructions. The specimens were then divided into two groups according to polishing condition: ground with 800-grit silicon carbide paper (SiC) or polished with diamond pastes up to 1 μm (DP) under running water.
Surface roughness (Ra) values of the surfaces were measured using a confocal laser scanning microscope (VK8510, Keyence, Tokyo, Japan).
ATR-FTIR analysis of unpolymerized monomers
To measure unpolymerized monomers on the surfaces of the indirect composites, the composite slabs were prepared in the same manner as described above. Specimen surfaces were then polished with DP under running water. The absorbance peak of carboncarbon double bonds (C＝C) near 1600 cm -1 was measured using attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR; FT/IR-6300, Jasco, Tokyo, Japan). colony-forming units/ml) was prepared from 16 hours of freshly cultured bacteria in Brain Heart Infusion (BHI, Becton Dickinson, Sparks, MD, USA) broth after washing three times with PBS and stored at 4℃ with gentle stirring. A solution of Heart Infusion (HI, Becton Dickinson, Sparks, MD, USA) broth with sucrose (1％ final concentration) was used for nutrient broth.
Bacterial suspensions and nutrient broth
Artificial mouth system (AMS)
The AMS was equipped with two chambers. Each chamber contained a warm water jacket to maintain a constant interior temperature ( Fig. 1 ) and a gas delivery unit for N 2 (80％), H 2 (10％), and CO 2 (10％) to grow biofilms under anaerobic conditions. In addition, inside the chambers, a liquid dome kept the biofilm away from direct contact with available O 2 . Beneath the biofilm, a flat-bulb pH electrode continuously monitored the pH changes. Reduction in pH was similar in all the experiments in this study: the pH began to fall from 7.35 within two hours and was reduced to below 4.0 by 20 hours.
Specimen assembly and biofilm growth in the AMS
Artificial biofilms were grown on ES and GR slab surfaces inside the two identical, water jacket-encircled chambers of the AMS (Fig. 1) . Eight ES and eight GR slabs were placed on a Teflon holder around a flat-bulb pH electrode of the AMS by using red utility wax (GC, Tokyo, Japan), and in a way such that only the experimental surface remained open for biofilm attachment. The open surfaces of the slabs were kept horizontal at the level of the bulb surface. The Teflon holder bearing the slabs was set through the bottom opening of the chamber by a silicon plug as shown in Fig. 1 . Pooled sterile saliva was then poured on the slabs and the pH electrode from above and incubated for 30 minutes in order to obtain a salivary coating. The chamber, encircled by the water jacket, was sealed with another silicon plug fitted with five stainless steel tubes (21-gauge).
In this manner, the chamber itself served as an incubator with a 37℃ inner temperature. The other ends of the five stainless steel tubes were connected to five silicon tubes passing through a roller pump (Furue Science, Saitama, Japan). One silicon tube was used to collect the S. mutans suspension, two to collect HI, and the remaining two to collect PBS from the prepared stock as described above. All the liquids were pumped into the chambers for 20 hours at 6 ml per hour per tube so that they dropped continuously onto the center of the specimen holder. All these liquids formed water domes which were mixed by the force of gravity exerted from the falling liquid drops on the holder and which were diffusely distributed over all the specimens. When the liquid domes reached their maximum height, the mixture of excess liquid would fall off from the edge of the holder.
Both chambers operated simultaneously and the pH on the flat-bulb electrode was recorded continuously as shown in Fig. 1 .
Sonication and measurement
After 20 hours, each slab with the artificial biofilm was subjected to sonication (UP50H, Dr. Hielscher GmbH, Teltow, Germany) at 60 watts for 15 seconds and cooled with cold PBS. After sonication, each slab was transferred carefully from the PBS to 1 ml of 0.5 mol/l sodium hydroxide solution. This was done to separate water-insoluble glucan (WIG) from the bacteria in the biofilm, which was considered as the"retained biofilm"after sonication. The PBS solutions containing"detached biofilms"were collected and centrifuged at 3000 rpm for 10 minutes. Bacterial cells and WIG were then separated by employing the same method mentioned above. Each bacterial pellet was resuspended in 1 ml of PBS, and 100 μl of each of the bacterial cell suspensions was transferred into separate wells of 96-well flat-bottom microplate to quantify bacteria by turbidimetric analysis (OD 500nm ) with a Biotrak II Plate reader (Biochrom Ltd., Cambridge, UK). The amount of WIG was measured by phenol-H 2 SO 4 reaction 12, 13) at an absorbance of 492 nm and determined using the same plate reader. A quantity of 500 μl of the WIG solution from each sample was dissolved in phenol-H 2 SO 4 . Following which, 200 μl of each of the resulting solutions was pipetted into separate wells of a 96-well flat-bottom microplate to measure the amount of WIG (μg/ml) with the plate reader.
To obtain a standard curve, 0, 25, 50, 75, 100, 150, and 200 μg/ml of glucose was titrated using the same method. Following detachment by sonication, the retained biofilms were measured after separating the bacterial cells and WIG. Sum of detached biofilms and retained biofilms was considered as the total amount of biofilms (bacteria and glucan) for each slab as shown in Figs. 2 and 3 , respectively.
SEM observation
To examine the filler components of the indirect resin composites, the indirect resin composites were polished with diamond pastes up to 1 μm particle size, gold sputter-coated (SC-701AT, Elionix, Tokyo, Japan), and observed by a SEM (JSM-5310LV, JEOL, Tokyo, Japan). In addition, the"retained biofilms"on the specimens after sonication were observed for each group. The samples were rinsed with PBS buffer and fixed in 4％ paraformaldehyde with 1％ glutaraldehyde in PBS for one hour. The samples were rinsed with PBS three times for two minutes each, and finally rinsed with deionized water three times for two minutes each. They were then dehydrated through an ethanol series (50, 70, 80, 95, and 100％) for 15 minutes each, desiccated, sputter-coated, and observed by a SEM.
Statistical analysis
In the present study, biofilm adherence experiments on indirect resin composites were repeated seven times under the same conditions to ensure reproducibility. Data were analyzed using the Statistical Package for Medical Science (SPSS Ver.11 for Windows) for statistical procedures.
Number of specimens was four for each group. Data of Ra value, amount of bacteria/mm 2 , and amount of WIG/ mm 2 were analyzed by two-way analysis of variance (ANOVA) followed by Tukey' s HSD test at a confidence level of 95％.
The two independent variables analyzed were "material"and"polishing condition" . Table 2 summarizes the surface roughness results of the specimens. Two-way ANOVA revealed that Ra values were influenced by the polishing condition (F＝595.84, p<0.001), but not by the material (F＝ 0.723, p>0.05). There was no significant interaction between these two independent variables (p>0.05). Moreover, for both materials, there were statistical differences between the SiC and DP polishing conditions. Figure 4 shows the typical ATR-FTIR spectra of the composite surfaces. The transmittance peak due to the double bonds (C＝C) in the range of 1500 to 1560 cm -1 indicated that slight amounts of unpolymerized monomers were detected on the cured composite sur- Fig. 2 (a) The amount of bacteria (optimal density)/mm 2 of retained biofilm; (b) The amount of WIG μg/ml/mm 2 of retained biofilm. Mean±SD (μm), number of specimen was four for each group. Horizontal lines indicate significant differences (p<0.05). Fig. 3 (a) The amount of bacteria (optimal density)/mm 2 of total biofilms; (b) The amount of WIG μg/ml/mm 2 of total biofilms. Mean±SD (μm), number of specimen was four for each group. Horizontal lines indicate significant differences (p<0.05).
RESULTS
Surface roughness
ATR-FTIR spectra
faces of both ES and GR. Figure 2 shows the amounts of bacteria and WIG in the retained biofilms. Two-way ANOVA revealed that the amount of bacteria in the retained biofilms (Fig. 2a) was influenced by the material (F＝12.764,  p＝0 .004) as well as by the polishing condition (F＝ 33.544, p<0.0001). There was a significant interaction between these two independent variables (F＝ 8.124, p＝0.015). The retained amount of bacteria in ES-DP was significantly lower than that in ES-SiC (p<0.0001). However, in the case of GR, no significant differences could be recognized between the two polishing conditions (p>0.05). The retained amount of bacteria in ES-DP was significantly lower than that in GR-DP (p＝0.003). By contrast, in the case of SiC, no significant differences were observed between these two materials (p>0.05).
Biofilm adherence
In Fig. 2b , the result of WIG amount in the retained biofilms showed the same tendency as that of bacteria. Figure 3 shows the amounts of bacteria and WIG in total biofilms (i.e., retained and detached biofilms). Two-way ANOVA revealed that the amount of bacteria (Fig. 3a) was influenced by the polishing condition (F＝20.372, p＝0.001), but not by the material (F＝0.039, p>0.05). There was also a significant interaction between these two independent variables (F＝8.659, p＝0.012). Total amount of bacteria in ES-DP was significantly lower than that in ES-SiC (p<0.05). However, no significant differences were observed between these two polishing conditions for GR (p>0.05). In Fig. 3b , the result of WIG amount in the retained biofilms showed the same tendency as that of bacteria. Figures 5a and b show the SEM photographs of the polished surfaces of ES and GR respectively. Particle sizes and shapes of the filler particles were evidently different between ES and GR. Figure 6 shows the SEM photographs of the retained biofilms on the resin composites after sonication. A large amount of biofilm was observed on the surface of ES-SiC (Figs. 6a and b) , while only a small amount of biofilm was observed on the surface of ES-DP under higher magnification (Figs. 6c and d) .
SEM observation
A larger amount of biofilm was also observed on the surface of GR-SiC (Figs. 6e and f) as compared with the surface of GR-DP (Figs. 6g and h ). The smallest amount of biofilm attachment was observed on ES polished with diamond pastes up to 1 μm.
DISCUSSION
S. mutans has been identified as the major etiological agent of human dental caries and composes a significant proportion of the oral streptococci in carious lesions 14) . S. mutans is harbored in mature plaque. Organic acids are trapped within the glucan barrier produced by these bacteria, resulting in a prolonged low pH around the enamel surface 15) . Restorative materials may initiate plaque and secondary caries formation in the oral cavity. Therefore, it is important to observe for initial bacterial adhesion on restorative material surface, which is the first step in plaque formation. Initial bacterial adherence to solid surfaces is facilitated by several factors, namely electrostatic [16] [17] [18] and hydrodynamic interactions 19) , thermodynamic binding parameters 20) , specific binding mechanisms including adhesionreceptor interactions by which bacteria bind selectively to the surface 7, [20] [21] [22] , and cementation by polysaccharide matrices or glucans 23) . With regard to enamel, the mechanical retention of micro-organisms in surface irregularities is an important step in early plaque formation 24) . It was reported that surface roughness promoted bacterial adhesion on enamel 25) and abutment surfaces 26) , as well as provided protected sites for bacterial colonization 27) . Adhesion to salivary pellicle-coated tooth surfaces is a critical step for oral bacterial colonization. Oral bacteria adhere to receptors of host origin in salivary pellicle 14) . However, the role of glucan-mediated interactions in the adherence of S. mutans is also important for biofilm formation, following its sucrose (i.e., glucan)-independent binding to salivacoated tooth surfaces 28) . In the present study, an artificial mouth system (AMS) was used to grow S. mutans biofilms on saliva-coated slabs of indirect resin composite materials to simulate the oral situation in vitro. Biofilms formed on the composite surfaces were separated from the specimens using sonication. After sonication, any biofilms remaining on the composite surfaces were classified as"retained biofilms" , while those separated were classified as"detached biofilms" . The bubbling effect generated by an ultrasonic toothbrush has been described as being effective in removing biofilms from teeth, restorations, and prosthetic appliances [29] [30] [31] . An effect similar to that of the ultrasonic toothbrush was expected to be generated using the sonicator tip. Subsequently, S. mutans cells were separated from their extracellular polysaccharide or glucan. The quantities of S. mutans cells and extracellular polysaccharide (glucan) were measured sepa-rately as "turbidity"and"water-insoluble glucan"respectively. Results of this study indicated that a smooth resin composite surface with a lower surface roughness had less bacterial adhesion compared with a rougher specimen surface. The lowest biofilm retention was obtained on ES-DP, where SEM observation further indicated that the biofilm structure was relatively less compact than the others. This result was consistent with previous findings that dental plaque adhered and accumulated more quickly on rough surfaces in vivo 32) . It must also be highlighted that biofilm accumulation varies according to filler size and matrix monomer 9, [33] [34] [35] [36] . ES had a higher proportion of filler particles than GR [37] [38] [39] . ES contained approximately 92 wt％ of filler particles and a urethane monomerbased resin matrix, while GR contained approximately 75 wt％ of filler particles and a UDMA-based resin matrix. SEM observation of the polished composite surfaces indicated that exposed filler particles were different in size and shape between ES and GR, which might therefore influence biofilm adherence on the surface. Another possible explanation was that polishing with diamond pastes might have rendered the surface more slippery or glossy (wetting property 40) ). This then resulted in weak biofilm attachment that eventually caused the biofilm to detach easily from ES-DP. Another possible factor influencing bacterial adherence to resin composite surfaces was the amount of unpolymerized monomers in cured composites [41] [42] [43] [44] . However, results from ATR-FTIR analysis in this study indicated that slight amounts of residual monomers were detected on the surface of both ES and GR composites. From the results in this study, it was found that surface polishing of composite materials was important to reducing bacterial accumulation on indirect composite restorations. However, the surface characteristics of restorative materials require a longitudinal study. Therefore, further studies on the longterm effects of biofilm attachment on restorative materials should be pursued.
CONCLUSIONS
Within the limitations of this in vitro study, the following conclusions were drawn: 1. Surface roughness and composition of resin com-posites influenced biofilm adherence. 2. Minimal biofilm adherence was obtained when ES was polished with diamond pastes up to 1 μm.
